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ABSTRACT
The thermal Sunyaev-Zel’dovich (tSZ) effect directly measures the thermal pressure of free electrons inte-
grated along the line of sight and thus contains valuable information on the thermal history of the universe.
However, the redshift information is entangled in the projection along the line of sight. This projection effect
severely degrades the power of the tSZ effect to reconstruct the thermal history. We investigate the tSZ to-
mography technique to recover this otherwise lost redshift information by cross correlating the tSZ effect with
galaxies of known redshifts, or alternatively with matter distribution reconstructed from weak lensing tomog-
raphy. We investigate in detail the 3D distribution of the gas thermal pressure and its relation with the matter
distribution, through our adiabatic hydrodynamic simulation and the one with additional gastrophysics includ-
ing radiative cooling, star formation and supernova feedback. (1) We find a strong correlation between the gas
pressure and matter distribution, with a typical cross correlation coefficient r & 0.7 at k . 3h/Mpc and z < 2.
This tight correlation will enable robust cross correlation measurement between SZ surveys such as Planck,
ACT and SPT and lensing surveys such as DES and LSST, at & 20-100σ level. (2) We propose a tomography
technique to convert the measured cross correlation into the contribution from gas in each redshift bin to the
tSZ power spectrum. Uncertainties in gastrophysics may affect the reconstruction at ∼ 2% level, due to the
∼ 1% impact of gastrophysics on r, found in our simulations. However, we find that the same gastrophysics
affects the tSZ power spectrum at ∼ 40% level, so it is robust to infer the gastrophysics from the reconstructed
redshift resolved contribution.
Subject headings: cosmic microwave background - large-scale structure of universe - galaxies: clusters: general
- methods: numerical
1. INTRODUCTION
Free electrons in the universe reveal their existence in
the CMB sky through their inverse Compton scattering of
CMB photons. The induced secondary CMB temperature
anisotropies, proportional to the electron thermal energy in-
tegrated along the line of sight, are the well known ther-
mal Sunyaev- Zel’dovich (tSZ) effect (Sunyaev & Zeldovich
1972, 1980). Since massive galaxy clusters contain large
reservoir of hot electrons, the generated tSZ effect can
thus overwhelm the primary CMB around cluster scales.
For this reason, the tSZ effect of dozens of galaxy clus-
ters has been measured by various experiments (refer to
Carlstrom et al. 2002; Reese et al. 2002; Jones et al. 2005;
LaRoque et al. 2006; Bonamente et al. 2006 for reviews).
On the other hand, blindly detecting the tSZ effect in ran-
dom directions of sky is much more difficult, since the ex-
pected signal is overwhelmed by the primary CMB fluctua-
tions at large angular scales and heavily polluted by astro-
physical foregrounds at smaller angular scales. This causes
ambiguity in interpreting the observed small scale CMB
power excess (Dawson et al. 2002, 2006; Mason et al. 2003;
Goldstein et al. 2003; Runyan et al. 2003; Kuo et al. 2004;
Readhead et al. 2004; Bond et al. 2005; Reichardt et al. 2008;
Sharp et al. 2009). However, the situation is improving sig-
nificantly by ongoing and proposed ground surveys such as
SZA1, ACT2, APEX3, SPT4 and the Planck satellite. Re-
jwshao@shao.ac.cn
1 http://astro.uchicago.edu/sza/
2 http://www.physics.princeton.edu/act/
3 http://bolo.berkeley.edu/apexsz/
4 http://pole.uchicago.edu/
cently the SPT collaboration reported the first SZ power spec-
trum measurement at ℓ ∼ 3000 (Lueker et al. 2010), and the
ACT collaboration reported their SZ power spectrum analy-
sis at similar scales (Fowler et al. 2010; Dunkley et al. 2010)
and found consistent results. These tSZ power spectrum mea-
surements will be further improved by orders of magnitude
improvement in sky coverage and better analysis enabled by
more frequency bands.
Precision mapping of the SZ sky is of great importance to
both cosmology and astrophysics. The SZ effect is a power-
ful finder of galaxy clusters at high redshifts. The efficiency
of free electrons to generate the thermal SZ effect is redshift
independent. Photons originated from redshift z suffer a fac-
tor of 1 + z energy loss caused by the cosmic expansion. On
the other hand, CMB photons that electrons scatter at redshift
z are a factor of 1 + z more energetic than CMB photons to-
day. These two effects cancel out exactly and enables galaxy
clusters to be detected at high redshift without extra effort, op-
posite to the X-ray cluster finding. An exciting advance in this
area is the first discovery of 3 new galaxy clusters through the
tSZ effect by the SPT group (Staniszewski et al. 2009). By
far, a few dozen galaxy clusters have been detected through
blind SZ surveys done by SPT (Vanderlinde et al. 2010) and
ACT (Menanteau et al. 2010).
The tSZ effect is also a powerful probe to the thermal his-
tory of the universe, since it directly probes the thermal en-
ergy of intergalactic medium (IGM) and intracluster medium
(ICM). Numerical simulations show that, the amplitude of
the SZ signal is sensitive to the amount of radiative cool-
ing and energy feedback (Springel et al. 2001; da Silva et al.
2001; White et al. 2002; Lin et al. 2004). However, it is not
straightforward to extract information on these astrophysical
2processes from the tSZ measurements alone. First of all, re-
search shows that there exist great degeneracies between dif-
ferent competing processes. Even worse, the tSZ effect only
measures the electron thermal energy projected along the line
of sight. The redshift information of these astrophysical pro-
cesses is thus entangled in the projection.
Zhang & Pen (2001) proposed to recover the redshift infor-
mation by cross correlating the tSZ effect with galaxies with
at least photo-z information. The idea is that galaxies in a
given redshift bin should strongly correlate with the tSZ signal
from the same redshift bin. A key link between the measured
cross correlation and the gas pressure auto-correlation that we
want to extract is the cross correlation coefficient r between
the thermal energy and the galaxy number density. Assum-
ing a constant r, the time resolved thermal energy distribution
can be reconstructed self consistently. This SZ tomography
technique would be applicable in reality, since SZ surveys of-
ten have follow-ups of galaxy surveys. For example, the dark
energy survey5 will cover the SPT sky and measure photo-
metric redshifts of ∼ 108 galaxies up to z = 1.3. The lensing
tomography also helps to reconstruct the 3D matter distribu-
tion, which can also be correlated with the SZ map to make
the SZ tomography.
In the current paper, we reformulate this SZ tomography
technique and explore the possibility to improve its robust-
ness. In the main text, we will choose the matter distribution
reconstructed from weak lensing tomography as the tracer of
the large scale structure to investigate the tSZ tomography.
We no longer approximate r as a constant. Rather, we rely
on numerical simulations to quantify its scale and redshift de-
pendence. We are able to show that, r is insensitive to gas-
trophysics such as radiative cooling and supernova (SN) feed-
back. Namely, r calculated from adiabatic hydrodynamic sim-
ulations should be sufficiently accurate for the purpose of the
tSZ tomography, even with the presence of radiative cooling
and SN feedback. We are then able to take this r as input to
perform the SZ tomography. In the appendix B, we will inves-
tigate the feasibility to perform the tSZ tomography by cross
correlating with galaxy distribution.
The paper is organized as follows. In §2, we introduce the
tSZ effect and explain the SZ tomography technique. We then
test its feasibility against our high precision hydrodynamic
simulations (§3). We also quantify the dependence of various
tSZ statistics on the extra gastrophysics. Although most quan-
tities are sensitive to these gastrophysical processes, we find
that the cross correlation coefficient r only weakly depends
on them (§3.3). This feature allows us to use r calculated
from the adiabatic simulations as the input of the tSZ tomog-
raphy, despite the existence of complicated gastrophysics in
the real universe. We discuss and make conclusion in §4. In
the appendix, we forecast the accuracy of performing the tSZ
tomography with lensing surveys (§A) and discuss complexi-
ties with galaxy redshift surveys (§B).
2. THE THERMAL SZ EFFECT AND THE SZ
TOMOGRAPHY
The tSZ effect induces a new source of CMB temperature
fluctuations with the amplitude
∆T (θ)
TCMB
= g(x)y(θ) . (1)
5 http://www.darkenergysurvey.org/
Here, θ is the direction on the sky. g(x) describes the spectral
dependence. In the non-relativistic limit,
g(x) =
(
x
ex + 1
ex − 1
− 4
)
, (2)
where x ≡ hν/kBTCMB = ν/56.84 GHz and ν is the observed
frequency of CMB photons. The Comptonization parameter
y(θ) is
y =
σT
mec2
∫
adχnekBTe, (3)
where nekBTe is the hot electron pressure. χ, ne, kB, Te and σT
are the comoving diameter distance, number density of free
electrons, the Boltzmann constant, electron temperature and
the Thompson scattering cross section respectively.
The spectral dependence of the tSZ effect is unique. The
tSZ effect shows as CMB temperature decrements at ν < 218
GHz and as increments at ν > 218 GHz. The spectral function
g(x)→ −2 at the Rayleigh-Jeans band x≪ 1 and g(x)→ x − 4
at x ≫ 1. This unique spectral dependence allows a clean
separation of the tSZ effect from other CMB components in
multi-band CMB surveys.
The y parameter contains key information on the thermal
history of the universe. However, since it only measures the
projected electron thermal energy along the line of sight, the
redshift information is smeared by this projection effect. Our
SZ tomography technique aims to recover the otherwise lost
redshift information in the tSZ effect.
2.1. The tSZ tomography
One of the most widely used statistical quantities of the
tSZ effect is the angular power spectrum CtSZl . Throughout
this paper, unless otherwise specified, we will focus on the
Rayleigh-Jeans limit ∆T/T = −2y (however in Appendix A,
we set g = −0.95 in order to forecast the measurement error for
ACT and SPT at ν = 150GHz). Under the Limber approxima-
tion (Limber 1954), CtSZl is related to the 3D thermal pressure
power spectrum ∆2P(k,z) by the following relation,
l2
2π
CtSZl =
∫ χCMB
0
∆
2
P(k =
l
χ
,z)W 2tSZ(z)χdχ . (4)
We have adopted the flat cosmology in the above expression.
The weighting function is
WtSZ(z) = −2σT a 〈nekBTe〉
mec2
. (5)
We here express the power spectrum in dimensionless form
as the variance per lnk, ∆2P(k) = k3PP(k)/2π2, where the di-
mensional power spectrum PP(k) = 〈δP(k)δ∗P(k)〉, and δP(k) is
the Fourier transform of the fractional thermal pressure fluc-
tuations δP ≡ nekBTe/〈nekBTe〉 − 1. Following similar nota-
tion, we can define the dimensional matter power spectrum
Pm = 〈δm(k)δ∗m(k)〉 and the dimensional cross power spectrum
PPm = 〈δm(k)δ∗P(k)〉, thus ∆2m and ∆2Pm accordingly.
Our SZ tomography technique aims to reconstruct the time
resolved ∆2P(k,z)W 2tSZ(z). This quantity tells us the overall
amplitude of the thermal energy and the clustering strength
at redshift z. The starting point of this technique is that,
tSZ effect is correlated with the underlying matter distribu-
tion. Theoretically, given the redshift information of the un-
derlying matter distribution, we can manage to recover the
3redshift information of the tSZ effect. The original tomog-
raphy is presented in the variation formalism (Zhang & Pen
2001), while in the current paper, we reformulate it in a more
straightforward manner. The key idea of the SZ tomography
is that, dark matter distributed in a certain redshift range cor-
relates with the tSZ signals contributed by the IGM in the
same redshift range. In practice, Massey et al. (2007) pro-
posed a mass reconstruction method using lensing tomogra-
phy method. Therefore, if we have the dark matter distribu-
tion with redshift information, we are able to carry out SZ
tomography in the corresponding redshift bins.
Let’s consider matter distribution in redshift range from z =
0 to z = zs. We can divide this redshift range into redshift bins,
in which a typical redshift bin is zi −∆z/2≤ z≤ zi +∆z/2. In
this narrow redshift bin, we can then define a weighted surface
matter density
Σm =
∫ χi+ ∆χi2
χi+
∆χi
2
δmWm(χ)dχ , (6)
with a proper weighting function Wm. Here, χi ≡ χ(zi) and
∆χi = χ(zi +∆zi/2)−χ(zi −∆zi/2). The weak lensing tomog-
raphy technique enables us to reconstruct a map of Σm in a
lensing survey with source redshift information and Wm is de-
fined accordingly. Lensing tomography has the potential to
reconstruct maps of width of ∆z ∼ 0.1, in which Wm can be
treated as a constant. In case of tSZ-galaxy cross correlation,
Σm is replaced by ΣG and Wm is replaced by WG. Without
loss of generality, throughout this paper, we will treat Σm as
observable.
To extract the tSZ redshift information, we cross correlate
tSZ maps with Σm of overlapping sky. At sub-degree scales
of interest, the Limber approximation holds. Under this limit,
the cross correlation signal is and is only contributed by mat-
ter and gas pressure in this very redshift bin. We can thus
express the tSZ-matter cross power spectrum with the Limber
integral,
l2
2π
CtSZ−ml =
∫ χi+ ∆χi2
χi−
∆χi
2
∆
2
Pm(k =
l
χ
,χ)WtSZ(χ)Wm(χ)χdχ . (7)
For a narrow redshift bin, all the functions in the integrand
vary slowly across this redshift bin. We thus have an approx-
imation
l2
2π
CtSZ−ml ≃∆2Pm(k = lχi ,χi)WtSZ(χi)Wm(χi)χi∆χi . (8)
It is clear from the above equation that the cross correlation
between the thermal SZ maps with matter distribution picks
out and, to a good approximation, only picks out relevant in-
formation within the given redshift bin. This is a key step to
recover the redshift information of the thermal SZ effect.
For similar argument, the auto angular power spectrum of
matter in the same redshift bin is
l2
2π
Cml =
∫ χi+ ∆χ2
χi−
∆χ
2
∆
2
m(k =
l
χ
,χ)W 2mχdχ
≃∆2m(k =
l
χi
,χi)W 2m(χi)χi∆χi
(9)
The next step is to recover the thermal SZ contribution in
the given redshift bin with the correct weighting, namely,
∆
2
P(k,z)W 2tSZ(z). This step requires a key input, namely the
cross correlation coefficient r between fluctuations in the gas
pressure and the dark matter distribution, defined by
r(k,z) = ∆
2
Pm(k,z)
∆P(k,z)∆m(k,z) . (10)
Combining Eq. 8 and Eq. 9, we obtain the redshift resolved
gas pressure auto-correlation (with correct weighting)
∆
2
P(k,zi)W 2tSZ(zi) = r−2(k,zi)
[∆2Pm(k,zi)WtSZ]2
∆2m(k,zi)
≃ r−2(k,zi)
l2
[
CtSZ−ml
]2
2πCml
1
χi∆χi
.
(11)
In this relation, the angular power spectra CtSZ−ml and Cml are
evaluated at l = kχi.
To better understand the meaning of the above equation, we
remind that Eq. 4 can be expressed as
l2CtSZl
2π
≃
∑
i
[
∆
2
P(k =
l
χi
,zi)W 2tSZ(zi)
]
χi∆χi . (12)
Hence Eq. 11 indeed tells us the contribution to the tSZ power
spectrum from the i-th redshift bin.
Given dark matter distribution with redshift information,
the tSZ angular power spectra can be measured directly by
combining the SZ surveys and large scale structure surveys.
The proper weighting function Wm is given by large scale
structure survey, and χ can be calculated given the cosmology
model. As long as r(k,z) can be figured out, one can apply this
equation to obtain the redshift resolved gas pressure auto cor-
relation. Large scale structure surveys are usually limited to
z . 2, so the tSZ tomography and the redshift resolved auto
correlation reconstruction are limited to z . 2 too. However,
CtSZl is also an observable, which contains contribution from
all redshifts. Subtracting the z . 2 contribution inferred from
our tSZ tomography, we can infer the tSZ contribution from
higher redshifts, such as the one from supernova explosion of
first stars (Oh et al. 2003).
We summarize the thermal SZ tomography using lensing
tomography method as follows.
• Reconstruct the 3D matter distribution from large scale
structure surveys.
• Measure the cross power spectrum CtSZ−ml between the
thermal SZ effect and the reconstructed matter in a
given redshift bin.
• Measure the matter angular power spectrum Cml in this
redshift bin.
• Reconstruct the tSZ contribution from this redshift bin
to the tSZ power spectrum through Eq. 11.
A key input required in this SZ tomography is the quan-
tity r. Zhang & Pen (2001) adopted a simplification that r is a
constant. They further showed that, the value of r can be mea-
sured combining Eq.11 and the measured SZ power spectrum.
This approach is self consistent and able to provide a quick
realization of the SZ tomography. However, improvements
must be made to do precision SZ tomography. As shown in
§3.3, the assumption that r is a constant is only accurate at the
level of ∼ 20%. Furthermore, to obtain the value of r unbi-
asedly from the SZ power spectrum, the galaxy surveys must
4well cover the SZ redshift range (z . 2). This is challenging
for galaxy surveys.
Since r(k,z) is such a key quantity in the SZ tomography,
a natural question arises: Can one robustly predict r? This
seems challenging, given the fact that various complicated
gastrophysical processes affect the tSZ effect. Surprisingly,
robust prediction on r is likely feasible. The key point is that,
these gastrophysics affects ∆2P and ∆2Pm in basically the same
way, so that these effects roughly cancel out in r by defini-
tion. To quantify the dependence of r on these gastrophysics,
we compare two sets of hydrodynamic simulations with and
without radiative cooling, star formation and SN feedback.
These simulations confirm the above naive speculation and
find that, these additional gastrophysics can only affect r at
1% level, despite the fact that they alter the SZ power spec-
trum by ∼ 40%.
3. SIMULATIONS
The tSZ statistics has been studied by both semi-
analytical models (Cooray 2000; Zhang & Pen 2001;
Komatsu & Seljak 2002; Zhang & Wu 2003; Zhang et al.
2004; Zhang & Sheth 2007) and numerical simulations
(Persi et al. 1995; Refregier et al. 2000; Refregier & Teyssier
2002; da Silva et al. 2000, 2001; Seljak et al. 2001;
Springel et al. 2001; White et al. 2002; Lin et al. 2004;
Zhang et al. 2004; Cao et al. 2007; Roncarelli et al. 2007;
Hallman et al. 2007, 2009). Beyond the gravitational heating
mechanism, some works (da Silva et al. 2001; Springel et al.
2001; White et al. 2002; Lin et al. 2004; Roncarelli et al.
2007; Scannapieco et al. 2008) have incorporated additional
gastrophysics such as radiative cooling, preheating, SN/AGN
feedback. These studies found that these processes suppress
the small scale SZ power spectrum. But none of them
addressed the dependence of the cross correlation coefficient
r on these processes, whose investigation is the key goal of
this paper.
In this paper, we analyze a controlled set of hydrodynamic
simulations for the relevant SZ statistics. The cosmology
adopted is a ΛCDM cosmology: ΩΛ = 0.732,Ω0 = 0.268,Ωb =
0.04448,h = 0.71,σ8 = 0.85. The simulations are run by
GADGET2 code (Springel 2005), with 100 h−1 Mpc box
size, and 5123 particles for both dark matter and SPH par-
ticles. The masses of the dark matter and SPH particles are
4.62×108 h−1 M⊙ and 9.20×107 h−1 M⊙ respectively. One
simulation only includes gravitational heating and the other
includes radiative cooling and star formation with SN feed-
back. We refer these two as adiabatic and non-adiabatic run,
respectively. For the non-adiabatic run, 7.63% of gas parti-
cles turn into stars by z = 0, resulting in stellar mass density
Ω∗ = 0.0034. Both simulations start from redshift z = 120. We
output 60 snapshots, which are equally spaced in lna. Refer
to Lin et al. (2006); Jing et al. (2006) for more details of the
simulations.
We derive the temperature Ti of the i-th gas particle as fol-
lows
kBTi = (γ − 1)µmpui, (13)
with µ = 0.588 the mean molecule weight, γ = 5/3 the spe-
cific heat ratio for monatomic gas, and ui the internal energy
per unit mass of the i-th particle. When the temperature of a
SPH particle is higher than 10000 K, we consider it as ion-
ized, otherwise as neutral. We sum up all the SPH particles to
calculate the density-weighted temperature Tρ at all the avail-
able snapshots. From these measurements, we are then able
Figure 1. The redshift evolution of the density-weighted temperature Tρ in
the adiabatic (solid line) and the non-adiabatic simulation (dashed line) with
cooling, star formation and SN feedback.
to calculate the y parameter §3.1.
We use the fast Fourier transform (FFT) to calculate the
power spectra of dark matter, gas pressure and the cross power
spectrum between the two. For dark matter particles, we as-
sign the masses to 5123 grids using the Clouds-In-Cells (CIC)
algorithm(Hockney & Eastwood 1981; Jing 2005). On the
other hand, we assign the thermal energy of SPH particles to
the same grids using the SPH kernel while assuring the energy
conservation. The gas pressure on the grid is converted from
the gas thermal energy assigned. We remove the shot noises
from the corresponding raw power spectra. However, since
we are mainly interested in scales well below the Nyquist fre-
quency (e.g. k . 16 h Mpc−1 ), we don’t correct for the alias
effect.6 Results are shown in §3.2 & 3.3.
3.1. The tSZ mean y parameter and the gas density
weighted temperature
The mean Comptonization y parameter is given by the fol-
lowing equation
y¯ =
σT
mec2
∫
n¯ekBTρadχ. (14)
Here Tρ ≡ 〈neT 〉/n¯e is the density weighted temperature,
which is computed by the following equivalent expression
Tρ =
∑
i Timi∑
i mi
. (15)
6 The alias effect would affect the power spectra to scales as large as a
quarter of the Nyquist frequency, namely k ∼ 4 h Mpc−1 in our simulations
(Jing 2005). The methods proposed by Jing (2005) and Cui et al. (2008) can
effectively correct for this effect. However, to the first order approximation,
it affects the corresponding power spectra in the two simulations in the same
manner. Since we’re mainly concerned about the differences between the two
power spectra, we neglect this effect in this paper.
5Figure 2. The distribution of internal energy at different temperature u(T )
which is defined as
∫
u(T )d ln T = U , where U is the total internal energy.
The additional processes brings the total internal energy down by 12.0%,
10.9%, 11.5% and 16.6% at z=0, 0,52, 1.02 and 2.08 respectively. The same
arbitrary unit is adopted for both the simulations. For both the adiabatic
(solid lines) and non-adiabatic (dashed lines) simulation, the most contribu-
tions come from the gas at temperature around 1 − 2 keV. And the lower the
redshift, the more contributions from higher temperature components.
The sum is over all gas particles, assuming gas with Ti ≥
10000 K as ionized, otherwise neutral.
Figure 1 shows the redshift evolution of the density
weighted temperature for the adiabatic (solid lines) and
the non-adiabatic (dashed lines) simulation. As shown,
the additional gastrophysical processes suppress the mass
weighted temperature Tρ, which confirms the earlier results
by White et al. (2002), though more evident than theirs at z=0.
We further look into the effect of cooling and feedback in
redistributing the energy budget into regions with different
temperatures. The logarithmic contribution to the total ther-
mal energy from regions with different temperatures is shown
in Fig. 2. We can see clearly that, for the 4 presented redshifts,
the most contributions of the total energy come from the re-
gions with T ∼ 1 − 2 keV at lower redshifts except z = 2.08,
for both adiabatic and non-adiabatic simulations. The figure
also shows that gas with temperature higher than ∼ 2 keV
is slightly affected by these additional gastrophysics. Most of
these gas lies in clusters, which have deep gravitational poten-
tial wells to offset the feedback effect. Also, the star formation
rate is relatively low in cluster regions, resulting in less feed-
back intensity and also less depletion of hot gas by cooling.
On the other hand, gas cooler than ∼ 1 keV has opposite fate.
Most of these gas lies in galaxy groups or in IGM , susceptible
to cooling and feedback. This suppresses their contribution to
the total energy. The combined effect is that, the total thermal
energy is suppressed by a factor of 12.0%, 10.9%, 11.5% and
16.6% at z=0, 0,52, 1.02 and 2.08 respectively.
Given Tρ measured at the 60 simulation snapshots, we are
able to integrate it over the whole relevant redshift range
to calculate y, according to Eq. 14. We adopt a simple
Figure 3. Top panel: The power spectra of gas pressure ∆2P(k) at redshifts
z=0,0.52,1.02 and 2.08. At small scales, the pressure power spectra of non-
adiabatic simulation (dashed lines) are greatly reduced by cooling and SN
feedback, even more significant to higher redshifts, compared to the adi-
abatic one (solid lines). However, the powers at large scales are slightly
boosted. Bottom panel: The differences between the power spectra defined
by ∆(∆2P)/∆2P,A = (∆2P,NA(k) −∆2P,A(k))/∆2P,A(k)
linear, while stable, interpolation to model Tρ at redshift
falling between two adjacent output redshifts. For both cases,
about a half of the y signal comes from z < 1. We obtain
y = 2.07× 10−6 for the adiabatic run and y = 1.77× 10−6
for the non-adiabatic run. These values of y are lower than
the results in e.g. (da Silva et al. 2001; White et al. 2002;
Zhang et al. 2004), so as the result of Tρ. On the other hand,
it is higher than some recent simulation results, such as that
of Roncarelli et al. (2007) using GADGET2. Differences in
cosmological parameters, such as difference in σ8 and Ωb,
can only account for part of the discrepancy, while cosmic
variance, differences in the input gastrophysics and numeri-
cal codes may be responsible for the remains. We postpone
further investigation of this issue elsewhere.7
3.2. The 3D gas pressure power spectrum and the tSZ
power spectrum
Most of the simulated SZ power spectra in the literature
are directly calculated from the simulated 2D SZ maps. In
this paper we take an alternative approach, as adopted by
Refregier et al. (2000); Refregier & Teyssier (2002). For each
simulation output, we can calculate the 3D power spectrum of
the gas thermal pressure ∆2P. The 2D SZ power spectrum is
obtained through Eq. (4) and we interpolate linearly between
adjacent snapshots to model ∆2p(k) at any other redshifts.
7 We thank Volker Springel for providing the result of an independent
GADGET2 simulation, which allows us to do a preliminary check. The cos-
mological parameters of this simulation are identical to ours, except the dif-
ferent initial conditions and σ8 = 0.9. This simulation gives Tρ = 0.283 keV.
Taking the scaling relation Tρ ∝ σ3.05−0.15Ω08 (Zhang et al. 2004), we esti-
mate that this simulation would result in Tρ = 0.243 keV for σ8 = 0.85, in
good agreement with ours.
6Figure 4. The bias bP(k) =
√
∆2P(k)/∆2m(k) of gas pressure relative to the
dark matter at the four redshifts. The same legends are adopted as in Figure
1.
∆
2
P at z = 0, 0.52, 1.02 and 2.08 are shown in Figure 3. At
small scales, the pressure power spectra of the non-adiabatic
simulation (dashed lines) fall below the corresponding adi-
abatic ones (solid lines). Most of tSZ signals at these scales
are contributed by gas in less massive halos. These halos have
shallower potential wells and thus SN feedback is easier to de-
plete gas. This suppression effect is even larger toward higher
redshifts where the gravitational potential wells are shallower,
leading to as high as 50% reduction at z = 2.08. The same
feedback redistributes gas and moves the clustering power of
the thermal energy from small scales to large scales. This
is likely the reason that we see enhancement at large scales
(Fig. 3). However, at these scales, massive halos contribute
most of the signal. Since they have deeper potential wells to
fight against feedback and confine gas, the large scale pressure
power spectrum is less affected.
The gas pressure power spectrum is often expressed by the
gas pressure bias with respect to the matter distribution, de-
fined as bP(k) =
√
∆2P(k)/∆2m(k). The measured pressure bias
is shown in Figure 4. We find in Figure 4 that the results
are in good agreement with the simulation results at z = 0 by
Refregier & Teyssier (2002).
The SZ power spectrum evaluated from the Limber integral
is shown in Figure 5. In the existence of the cooling and self-
regulated star formation, the tSZ angular power spectrum at
large scales is suppressed by ∼ 20%, which is mainly due to
the reduction of density weighted temperature Tρ. At the same
time, the powers are reduced by as large as around ∼ 40% at
very small scales around l = 10000, which is jointly caused
by the suppression of both the density weighted temperature
and pressure power spectra compared to the adiabatic sim-
ulation. These suppression effects confirm the previous re-
sults by da Silva et al. (2001); White et al. (2002). And what’s
more, the non-adiabatic power spectrum peaks on a slightly
larger scale, about l ∼ 8000, than the adiabatic one, which
Figure 5. The SZ angular power spectra CtSZl for the two simulations. Radia-
tive cooling and SN feedback suppress the SZ power spectrum by ∼ 20% at
large scales and around∼ 40% at small scales. The same legends are adopted
as in Figure 1.
may arise from SN feedback that would drive away the gas out
to diffuse regions. Springel et al. (2001) also found that en-
ergy injection would suppress the power on small scales and
push the powers toward larger scales. Roncarelli et al. (2007)
considered the same non-gravitational processes as our non-
adiabatic one in their simulation, and their power spectrum
behaves consistently with ours, despite of their low y.
3.3. The correlation coefficients r(k,z)
As addressed in §2, a key input of the SZ tomography is the
gas pressure-dark matter density cross correlation coefficient
r. State of art numerical simulations with purely gravitational
heating (adiabatic simulations) is able to model r(k,z) ro-
bustly. If we can further quantify the dependence of r(k,z) on
additional gastrophysics such as radiative cooling and feed-
back, we will be able to model r(k,z) robustly for general
cases and perform the SZ tomography robustly. For this pur-
pose, we analyze the behavior of r(k,z) in the two simulations.
The result on r(k,z) is shown in Figure 6. We find gas pres-
sure tends to trace the matter distribution faithfully on the very
large scales. At the largest scale that our simulation can ap-
proach, k ≃ 2π/L = 0.062 h Mpc−1 , r(k) ≥ 0.9 for all of the
4 redshifts. At 0.4 ≤ k ≤ 3 h Mpc−1 , there’s still great cor-
relation between pressure and matter, while r(k) changes by
25% from ∼ 0.8 at z = 0 to 0.6 at z = 2.08. However, at each
redshift, the correlation strength nearly keeps unchanged in
this range. At smaller scales k ≥ 3 h Mpc−1 , r(k) begins to
decrease faster.
We further investigate the influences caused by cooling and
star formation on r(k). Surprisingly, we find that these addi-
tional gastrophysical processes have little impact on r(k). In
most of the relevant k range, the change is∼ 1%. Only at very
small scales (corresponding to l & 104), can the effect reach
5% level. This behavior is however explainable, since the gas-
7Figure 6. Top panel: The cross correlation coefficient between the 3-D
gas pressure and dark matter in adiabatic simulations (solid lines ) and non-
adiabatic simulations (dashed lines). For both the simulations, r(k) is greater
than 0.9 at k ≃ 0.062 h Mpc−1 for all the 4 redshifts, as gas pressure traces
dark matter on the very large scales. At intermediate scales where 0.4≤ k≤ 3
h Mpc−1 , there’s still great correlation about ∼ 0.8 at z = 0, while r(k) drops
by 25% to ∼ 0.6 at z = 2.08. Bottom panel: The difference of r between
the two simulations: ∆r(k)/rA(k) = (rNA(k) − rA(k))/rA(k). If cooling and SN
feedback are included, there’s only ∼ 1 − 2% change in r(k) at most scales,
and only at the smallest scales does r change ∼ 5%.
trophysics influences the denominator and numerator of r(k)
in basically the same way. A 1% error in r results into a 2%
error in the reconstructed ∆2PW 2tSZ, negligible to the ∼ 30%
change in ∆2PW 2tSZ induced by cooling and feedback. There-
fore, this result enables us to extract robust predictions for
r from adiabatic simulations without considering additional
complicated gastrophysics, and then carry out the tSZ tomog-
raphy method by applying r back into the observations. Since
eventually we need a large sample of simulations with high
resolution to improve the calculation, this feature can signifi-
cantly save the computation cost. More importantly, it breaks
the otherwise circular procedure to do the tSZ tomography.8
This feature assures us that we can rely on adiabatic simula-
tions alone to provide r. However, it does not mean that the
simulations presented in this paper have already robustly pre-
dicted r. We expect the function r(k) to be sufficiently smooth
with respect to k. However, since our box size is only 100h−1
Mpc, statistical fluctuations induced by cosmic variance are
non-negligible and the simulated r-k relation shows clear ir-
regularities (Fig. 6). To beat down the cosmic variance, we
need more simulations or larger box size. Nonetheless, we
only need adiabatic simulations for this improvement.
3.4. The feasibility of tSZ tomography in real surveys
8 If r(k) strongly depends on the detailed gastrophysics, the tSZ tomog-
raphy procedure will become circular. In this case, we need to know the de-
tailed gastrophysics to reliably predict r(k,z) from simulations and then apply
back to observations, while we count on observations to tell us the detailed
gastrophysics.
We are then able to evaluate the applicability of the pro-
posed tSZ tomography to real surveys. As explained in previ-
ous sections, it is determined by two key factors.
• How well are we able to measure the cross correlation
(e.g. the tSZ-matter correlation or the tSZ-galaxy cor-
relation)?
• How robustly can we interpret the measured cross cor-
relation and convert it into the redshift resolved gas
pressure auto-correlation? This last quantity is a direct
measure of the thermal history.
Based on the cross correlation coefficient r obtained in §3.3
from the simulations, we are able to make predictions for
target SZ surveys and lensing surveys. We show the calcu-
lation of the signal to noise ratio of the tSZ-lensing cross
power spectrum in Appendix §A, and find that SZ surveys
such as SPT and lensing surveys such as LSST allow us to
measure the tSZ-lensing cross correlation to high precision
over a dozen source redshift bins. Refer to the appendix §A
for detailed calculation. Given such precision measurement
and given the robustness of r against cooling and feedback,
we are able to perform the tSZ tomography robustly (§A).
TSZ-galaxy number density cross correlation can be mea-
sured to even higher accuracy, since galaxy number density
measurement is much easier and much more accurate than
weak lensing measurement. So in principle, galaxy surveys,
in combination with SZ surveys, are also suitable targets to
perform the SZ tomography. One subtlety is to interpret the
measured cross correlation signal. To be more specific, how
well are we able to understand the cross correlation coeffi-
cient between the gas pressure and the galaxy number density,
given large uncertainties in gastrophysical processes such as
feedback and cooling. If the galaxy bias is deterministic, our
study in previous sections has provided robust answer to this
question. However, in reality, the galaxy bias contains some
stochasticity. Further, the amount of stochasticity can be af-
fected by the presence of feedback and cooling. In Appendix
§B, we show that its impact can be of ∼ 10%. This makes
the interpretation of the measured tSZ-galaxy number density
cross correlation challenging.
4. CONCLUSION AND DISCUSSION
In this paper, we investigate the tSZ tomography method,
which aims to extract the redshift information of the tSZ ef-
fect. The basic idea is to cross correlation the tSZ map with
tracers of the large scale structure (galaxy distribution or weak
lensing) and recover the redshift information by the aid of the
redshift information of the large scale structure tracers. The
key ingredient which determines the feasibility of the tSZ to-
mography is the cross correlation coefficient r between the gas
pressure and the 3D matter (galaxy) distribution. For the tSZ
tomography to be doable, r must be sufficiently large such that
the cross correlation can be measured to reasonable accuracy.
To convert the measured cross correlation to the time resolved
tSZ effect, namely the 3D gas pressure auto-correlation power
spectrum, r must be understood robustly, given the presence
of gravitational heating, radiative cooling, star formation and
feedback.
Through our simulations, we find that r is in general suf-
ficiently large (e.g. larger than 0.5) over the range of inter-
est. Hence it is in general feasible to robustly measure the
cross correlation between the tSZ effect and the large scale
8structure. For example, in the Appendix §A, we calculate the
signal to noise ratio of the tSZ-shear cross power spectrum
CtSZ−γℓ for target SZ surveys and lensing surveys, and find that
the cross correlation between the tSZ effect and weak lensing
can be measured with over 100σ combining SPT and LSST.
So the key question in the tSZ tomography is whether we can
robustly predict r(k,z), given uncertainties in gastrophysical
processes. To quantify the effect of two dominant gastrophys-
ical processes, namely radiative cooling and SN feedback, we
compare the result of our adiabatic simulation against the one
with cooling and feedback. We find that r(k,z) is insensi-
tive to these additional gastrophysics. The resulting differ-
ence in r(k,z) is ∼ 1 − 2% on most relevant k and z range,
much smaller than the ∼ 30% change in the SZ power spec-
trum and the gas density weighted temperature. This allows
us to neglect the dependence of r(k,z) on these gastrophysical
processes and adopt the r(k,z) evaluated from adiabatic simu-
lations as the input of the tSZ tomography. We thus show that
the tSZ tomography with weak lensing surveys is highly feasi-
ble. On the other hand, the galaxy-matter relation and hence r
can be affected by these gastrophysics at ∼ 10% level. These
complexities must be understood first to perform the tSZ to-
mography with galaxy surveys.
There are many remaining issues to investigate in future
works. (1) The tSZ tomography relies on the cross correla-
tion measurement between the tSZ signal and the large scale
structure. Hence, any residual noise in the tSZ measurement
associated with the large scale structure, such as residual con-
tamination from dusty star forming galaxies, could bias the
cross correlation measurement. Multi frequency band infor-
mation helps to reduce these potential contaminations. Fur-
thermore, these contaminations could have different redshift
dependence from the tSZ signal and such differences provide
another possibility to extract the tSZ signal. This issue is of
crucial importance for further investigation. (2) Our simula-
tion needs a number of improvements to investigate the gas-
trophysics more realistically. We need many more realiza-
tions to reduce the cosmic variance. We may also need to cor-
rect for the alias effect to improve the accuracy of r at scales
k & 4 h Mpc−1 . One gastrophysical mechanism not included
in our simulation is the AGN feedback, whose impact on r and
the tSZ tomography is an important issue for further investiga-
tion. (3) A more comprehensive and quantitative analysis on
the performance of the tSZ tomography with lensing surveys
shall be carried out in the future.
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9Table 1
The adopted parameters in the galaxy lensing surveys (DES and LSST) and the SZ surveys (PLANCK, ACT and SPT)
fskya σp,T θp
DESb LSSTb µK arcmin
PLANCK 0.12 0.5 4.8 5
ACT 0.025 0.025 2 1.7
SPT 0.1 0.1 2 1
a fsky is the fractional sky coverage of overlapping regions between a given SZ survey and a given lensing survey.
bThe galaxy number density per steradian n¯g = 1.2× 107 n¯′g. n¯′g is the galaxy number density per square arcmin, 15 for DES and 40 for LSST.
APPENDIX
A. ERROR FORECAST ON THE TSZ-LENSING CROSS CORRELATION MEASUREMENT
In the main context, we have shown that the cross correlation between the gas pressure and matter distribution is not only
strong, but also insensitive to extra gastrophysics on scales of interest as well as at redshifts of interest. It assures in theory the
applicability of the proposed tSZ tomography method. Here, we forecast the S/N when applying this tomography technique to
planned SZ and weak lensing surveys.
As stated by Massey et al. (2007), the matter distribution can be extracted from the lensing tomography technique. So, in an
equivalent way, the S/N of the tSZ tomography with lensing surveys can be demonstrated by the S/N of the cross power spectrum
CtSZ−γl , where the source galaxies of lensing measurement locate between a thin redshift bin (e.g. ∆z = 0.2). The measurement
error is (
S
N
)2
=
lmax∑
l
2l∆l fsky
(
CtSZ−γl
)2
(
CtSZ−γl
)2
+
(
CtSZl +CCMBl +Cdetl +CDSFGl
)(
Cγl +C
γ,N
l
) . (A1)
Here, fsky is the combined sky fraction between lensing survey and SZ survey. The tSZ power spectrum CtSZl , the lensing power
spectrum Cγl and the cross power spectrum C
tSZ−γ
l are all calculated from simulations. To better account for the real surveys, we
consider the non-adiabatic simulation and at the frequency 150 GHz which ACT and SPT both cover. Considering the frequency
dependence g(x)∼ −0.95 at 150 GHz instead of g(x)∼ −2 in RJ band used in the main context, the predicted tSZ angular power
spectrum CtSZl should be brought down by 4.43 times and C
tSZ−γ
l down by 2.1 times. We adopt lmax = 6600 in the numerical
estimation. Around this scale, both the tSZ and the lensing measurements are already noise dominated. So a cut at l = 6600 does
not cause significant underestimation of S/N.
The lensed primary CMB power spectrum CCMBl is calculated from CAMB9(Lewis et al. 2000). The beam of CMB experiment
affects both the cross correlation signal and the statistical error. However, in the S/N estimation, its effect can be compressed into
a single term Cdetl ,
Cdetl = (σp,Tθp)2B−2(l) = (σp,TθP)2 exp(l2/l2beam) . (A2)
Here we have approximated the beam B(l) as a Gaussian form with B(l) = exp(−l2/2l2beam) and lbeam =
√
8ln2/θp. θp is the
pixel size (angular resolution) and σp,T is the r.m.s instrument noise per pixel. Dusty star forming galaxies (DSFGs) are found to
contaminate the SZ observation significantly (Fowler et al. 2010; Hall et al. 2010), so we include this term in the noise estimation.
For the DSFG contamination CDSFGl , we adopt Poisson distribution l2CDSFGl /2π = 10(l/3000)2(µK)2 suggested by recent ACT
and SPT results. Cγ,Nl is the power spectrum of the shape error due to the intrinsic ellipticities of source galaxies. The redshift
distribution of source galaxies we adopt in lensing surveys follows Huterer (2002)
ps(z) = n¯g z
2
2z30
e−z/z0 , (A3)
which satisfies
∫∞
0 dzps(z) = n¯g. Here, n¯g is the average number density of galaxies per unit steradian. The peak of the distribution
function is at 2z0. We adopt z0 = 0.3 for DES survey, while z0 = 0.4 for LSST survey. For the sake of tomography, source galaxies
in the redshift range zs = 0.2 − 1.6 are divided into several redshift bins with width ∆z = 0.2 (see Table 2 for the redshift bins).
The galaxy number density in the redshift bin z j −∆z/2 < zs < z j +∆z/210 is
ns =
∫ z j+∆z/2
z j−∆z/2
dzps(z) . (A4)
Thus, the galaxy shape noise (Kaiser 1998) in this redshift bin reads Cγ,Nl = γ2rms/ns, where γ2rms = 0.1 is adopted for both lensing
surveys. All the adopted parameters are listed in Table 1.
9 http://camb.info 10 Note here zs should be higher than the redshift bin of the contributing
dark matter zi, and thus we assume z j > zi to avoid confusion.
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Table 2
The S/N of the cross power spectra predicted from DES, LSST combined with PLANCK, ACT and SPT.
lensing survey DES LSST
SZ surveys PLANCK ACT SPT PLANCK ACT SPT
zs = 1.4 − 1.6 9.90 25.34 65.37 33.97 53.13 137.58
zs = 1.2 − 1.4 10.81 26.69 68.38 34.25 51.55 132.58
zs = 1.0 − 1.2 11.25 26.34 66.85 33.09 47.01 119.75
zs = 0.8 − 1.0 10.92 23.70 59.40 30.04 39.20 98.54
zs = 0.6 − 0.8 9.54 18.59 45.80 24.67 28.55 70.49
zs = 0.4 − 0.6 6.93 11.62 27.97 16.88 16.57 39.92
zs = 0.2 − 0.4 3.37 4.52 10.52 7.69 5.98 13.92
Note that in Eq. A1, the SZ power spectrum is integrated over the entire redshift range, while the lensing power spectrum is
integrated up to the redshift of the source galaxies zs. We show in Table 2 the S/Ns of the cross power spectra between lensing
surveys and SZ surveys in several redshift bins. (1) It turns out that, any pair between one of the three CMB surveys (ACT, Planck
and SPT) and one of the two lensing surveys (DES and LSST) can measure the tSZ-lensing cross correlation robustly, with an
overall S/N & 20. By no surprise, SPT+LSST will enable the highest precision measurement, with an overall S/N & 200. (2)
However to perform the lensing and tSZ tomography, Planck+DES may not be suitable, due to relatively low S/N in each redshift
bin (table 2). But at least for SPT+LSST, the lensing and tSZ tomography is promising.
We caution the readers that the S/N presented here is overestimated to some extent, for two major reasons. First, the estimation
is done assuming Gaussianity. It is well known that both the lensing and the SZ effect are non-Gaussian at scales of interest.
Non-Gaussianity boosts the cosmic variance and induces correlations between different multipole modes. Second, we have
neglected potential systematical errors in the cross correlation measurement. The distribution of DSFGs is strongly coupled
to the large scale structure. So DSFG contamination in the SZ maps is correlated with galaxies used to perform the thermal
SZ tomography. Hence DSFGs contribute not only statistical errors shown in Eq. A1, but also systematical error in the cross
correlation measurement. This systematical error can be removed by the different spectral dependences of DSFGs and the thermal
SZ effect, at the expense of loss in S/N. More realistic evaluation of the thermal SZ tomography S/N shall take these complexities
into account.
B. COMPLEXITIES TO PERFORM THE TSZ TOMOGRAPHY WITH GALAXIES
Galaxy redshift survey is an obvious alternative to perform the tSZ tomography. Indeed, the tSZ-galaxy (number density) cross
correlation can be measured with higher S/N than the tSZ-lensing cross correlation measurement. However, uncertainties exist in
interpreting the measured cross-correlation. The measured cross-correlation signal is proportional to the cross correlation coeffi-
cient rPg between the gas pressure and the galaxy number density, while this quantity suffers from uncertainties in gastrophysics.
We have shown that rPm is insensitive to gastrophysics. Then the key is the dependence of rmg, the cross correlation coefficient
between matter and galaxy distribution, on gastrophysics. At sufficiently large scales, rmg = 1. However, at scales of interest,
stochasticities in galaxy distribution cause rmg 6= 1 (e.g. Bonoli & Pen 2009; Baldauf et al. 2009). Gastrophysics induces extra
stochasticities in galaxy distribution and hence affects rmg.
We are at no position to develop a realistic galaxy formation model and robustly quantify rmg and its gastrophysical dependence.
However, the halo occupation distribution (HOD) model (Cooray & Sheth 2002) provides us a convenient tool to check for
possible dependences. Due to uncertainties in the adopted HOD parameters, results presented here are inconclusive, and only
serve to demonstrate uncertainties in rmg and hence in interpreting the measured tSZ-galaxy cross correlation.
The adopted HOD model has six parameters to describe the galaxy distribution within a halo. (1) The mean galaxy number
〈Ngal|M〉 in a halo of mass M is (Sheth & Diaferio 2001; Cooray 2004),
〈Ngal|M〉 =
{
N0, for Mmin ≤M ≤MB
N0(M/MB)α, for M > MB . (B1)
(2) The galaxy number distribution is described by the binomial distribution (Scoccimarro et al. 2001) with
〈Ngal(Ngal − 1)|M〉1/2 = β(M)〈Ngal|M〉 , (B2)
where β(M) = log
√
M/Mmin for M < M0, and β(M) = 1 otherwise. (3) The galaxy space distribution within the halo is described
by the NFW (Navarro et al. 1997) profile, quantified with a galaxy concentration parameter cg(M). Notice that it is not necessarily
equal to the concentration parameter of the matter density, cm(M), for which we adopt cm(M) = 9(M/M⋆)−0.13 (Bullock et al. 2001).
For example, Yang et al. (2005) and Nagai & Kravtsov (2005) suggest cg ≃ cm/3.
The fiducial model has(
Mmin,MB,N0,α,M0,cg(M)
)
=
(
1011h−1M⊙,4× 1012h−1M⊙,0.7,0.8,1013h−1M⊙,cm(M)
)
. (B3)
Gastrophysics may be mimicked by varying these parameters. For example, feedback could suppress galaxy formation, resulting
in smaller N0 or larger Mmin. It can also make the galaxy spatial distribution less clumpy than the dark matter distribution,
resulting in cg < cm. We show a number of examples in Fig. 7. In general, varying these parameters can affect rmg at 10% level
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Figure 7. Dependences of the dark matter-galaxy cross correlation coefficient rmg on HOD parameters. These dependences imply a likely non-negligible
dependence of rmg on gastrophysics, which leads to changes in HOD parameters.
and implies that gastrophysics can introduce similar uncertainty. Hence we have to keep at caution to interpret the measured
tSZ-galaxy cross correlation.
